Peroxynitrite-mediated oxidation of ferrous nitrosylated myoglobin (Mb(II)-NO) involves the transient ferric nitrosylated species (Mb(III)-NO), followed by Å NO dissociation and formation of ferric myoglobin (Mb(III)). In contrast, peroxynitrite-mediated oxidation of ferrous oxygenated myoglobin (Mb(II)-O 2 ) involves the transient ferrous deoxygenated and ferryl derivatives (Mb(II) and Mb(IV)@O, respectively), followed by Mb(III) formation. Here, kinetics of peroxynitrite-mediated oxidation of ferrous carbonylated horse heart myoglobin (Mb(II)-CO) is reported. Values of the first-order rate constant for peroxynitrite-mediated oxidation of Mb(II)-CO (i.e., for Mb(III) formation) and of the first-order rate constant for CO dissociation from Mb(II)-CO (i.e., for Mb(II) formation) are h = (1.2 ± 0.2) · 10 À2 s À1 and k off(CO) = (1.4 ± 0.2) · 10 À2 s
Å NO also reacts with ferric Fe centers (e.g., the ferric heme-Fe-atom (Fe(III)) (see [5] [6] [7] [8] [9] [10] [11] [12] ). Note that NO and CO induce heme-Fe(III)-atom reduction (see [13] [14] [15] [16] [17] [18] ); in contrast, O 2 facilitates heme-Fe(II)-atom oxidation (see [5] ). O 2 and Å NO derivatives react also with amino acid residues (e.g., Cys, Met, Trp, and Tyr) modulating protein metabolism and functions (see [19] [20] [21] ).
The reaction of CO with heme-Fe(II)-proteins has received great attention due to its high toxicity (see [22] ); recently, CO has been reported to act also as a second messenger (see [23, 24] ). Furthermore, CO represents an invaluable model system for investigating diatomic ligand binding to metal centers (i.e., the heme) (see [5, 6, 8, 9, 25] [5, 6, 8, 9, [25] [26] [27] [28] ). CO binding to heme-Fe(II)-proteins is mainly modulated by heme proximal effects. In particular, the very high carbonylation rate observed in some penta-coordinate heme-proteins has been attributed to the close location of the Fe(II)-atom with respect to the heme plane. This can be also achieved by cleavage of the HisF8-Fe heme proximal bond in slow carbonylating penta-coordinate heme-proteins since it leads to fast reacting tetra-coordinated heme-protein systems (see [29] [30] [31] [32] [33] [34] ).
Values of the second-order rate constant for CO binding to heme-Fe(II)-proteins (i.e., k on(CO) ) are easy to determine by the dependence of the observed binding rate constant on the CO concentration. On the other hand, values of the first-order rate constant for CO dissociation from hemeFe(II)-CO complexes (i.e., k off(CO) = k obs(CO) À k on(CO) · [CO]) are very difficult to be determined by extrapolating to [CO] = 0 the dependence of the observed binding rate constant (i.e., k obs(CO) ) on the CO concentration because of the very low value of k off(CO) and the large difference with respect to k obs(CO) . Therefore, appropriate methods to determine the first-order rate constant for CO dissociation from heme-Fe(II)-CO species can be through experiments in which either (i) the heme-Fe(II)-CO complex is oxidized by ferricyanide or (ii) CO is replaced by NO, in both cases under the assumption that experimental conditions satisfy the requirement that the rate limiting step is represented by CO dissociation from the heme-Fe(II)-CO adduct. Furthermore, the high affinity of CO renders hard to determine the equilibrium constant for hemeFe(II)-protein carbonylation (K (CO) = k on(CO) /k off(CO) ) (see [5, 25, 35, 36] ).
The redox potential of peroxynitrite (see [37] ) suggests that this chemical is able to oxidize carbonylated hemeFe(II)-proteins, as already reported for heme-Fe(II)-O 2 and heme-Fe(II)-NO complexes (see [18, 38, 39] ). However, while peroxynitrite-mediated oxidation of heme-Fe(II)-O 2 complexes requires O 2 dissociation, followed by a rapid oxidation of the transient heme-Fe(II) derivative (see [18, 38] ), peroxynitrite-mediated oxidation of heme-Fe(II)-NO complexes involves the transient heme-Fe(III)-NO species, followed by Å NO dissociation and formation of the heme-Fe(III) derivative (see [18, 39] ).
Here, kinetics of peroxynitrite-mediated oxidation of horse heart Mb(II)-CO is reported for the first time. The coincidence of values of the first-order rate constant for peroxynitrite-induced oxidation of Mb(II)-CO (i.e., h) and of the first-order rate constant for Mb(II)-CO decarbonylation (i.e., k off(CO) ) indicates that CO dissociation represents the rate limiting step of peroxynitrite-mediated oxidation of Mb(II)-CO.
Materials and methods
Ferric horse heart Mb (purified by crystallization; Mb(III)) was obtained from Sigma-Aldrich (St. Louis, MO, USA [40, 41] . Decomposed peroxynitrite was obtained by acidification of the peroxynitrite solution [37] . The solutions of the experiments in the presence of CO 2 were prepared by adding the required amount of a 5.0 · 10 À1 M NaHCO 3 solution [42] . All the other products (from Merck AG, Darmstadt, Germany, or Sigma-Aldrich, St. Louis, MO, USA) were of analytical grade and used without purification unless stated.
The value of the first-order rate constant for peroxynitrite-induced conversion of Mb(II)-CO to Mb(III) (i.e., h) was determined by mixing the Mb(II)-CO (final concentration, 3.2 · 10 À6 M) solution with the peroxynitrite (final concentration, 1.0 · 10 À4 to 5.0 · 10 À4 M) solution under anaerobic conditions, at pH = 7.2 (5.0 · 10 À2 M phosphate buffer) and T = 20.0°C; no gaseous phase was present (see [18] ). Kinetics was monitored between 360 and 460 nm.
The time course of peroxynitrite-induced conversion of Mb(II)-CO to Mb(III) was fitted to a single exponential process according to the minimum reaction mechanism represented by Scheme 1 ( Table 1) .
The value of h has been determined from data analysis, according to Eq. (1) [5] :
The value of the first-order rate constant for CO dissociation from Mb(II)-CO (i.e., for CO replacement by Å NO; k off(CO) ) was determined by mixing the Mb(II)-CO (final concentration, 3.2 · 10 À6 M) solution with the Å NO-dithionite (final concentration, 1.0 · 10 À4 to 5.0 · 10 À4 , and 2.0 · 10 À5 M, respectively) solution under anaerobic conditions, at pH = 7.2 (5.0 · 10 À2 M phosphate buffer), and T = 20.0°C; no gaseous phase was present (see [25] ). Kinetics was monitored between 360 and 460 nm.
The time course of CO dissociation from Mb(II)-CO (i.e., of CO replacement by Å NO) was fitted to a single exponential process according to the minimum reaction mechanism represented by Scheme 2 (Table 1 ) [25] .
The value of k off(CO) has been determined from data analysis, according to Eq. (2) [5] : The results are given as mean values of at least three experiments plus or minus the corresponding standard deviation. All data were analyzed using the Matlab program (The Math Works Inc., Natick, MA, USA).
Results and discussion
Mixing of the Mb(II)-CO and peroxynitrite solutions causes a shift of the optical absorption maximum of the Soret band from 424 nm (i.e., Mb(II)-CO) to 408 nm (i.e., Mb(III)) and a change of the extinction coefficient from e 424 nm = 2.07 · 10 5 M À1 cm À1 (i.e., Mb(II)-CO) to e 408 nm = 1.88 · 10 5 M À1 cm À1 (i.e., Mb(III)). The optical absorption spectra of Mb(II)-CO and of Mb(III) obtained here correspond to those reported in the literature (see [5] ).
Over the whole peroxynitrite concentration range explored (final concentration, 1.0 · 10 À4 to 5.0 · 10 À4 M), the time course for the peroxynitrite-mediated oxidation of Mb(II)-CO corresponds to a mono-exponential process for more than 95% of its course (Fig. 1, panel A) . Values of the pseudo-first-order rate constant for Mb(III) formation (i.e., h) are wavelength-and [peroxynitrite]-independent (Fig. 1, panel B) . The average value of h is (1.2 ± 0.2) · 10 À2 s À1 . These data indicate that the reaction of Mb(II)-CO with an excess of peroxynitrite leads to the oxidation of the heme-Fe(II) atom and to the generation of Mb(III) without involving transient species. As expected, decomposed peroxynitrite does not oxidize Mb(II)-CO.
Although CO 2 reacts with peroxynitrite leading to high reactive and selective oxidant species CO 3 ÅÀ and Å NO 2 (see [20, 37] (Fig. 1, panel C) . Values of the first-order rate constant for Mb(II)-CO decarbonylation (i.e., for Mb(II)-NO formation; k off(CO) ) are wavelength-and [ (Fig. 1, panel D) . The average value of k off(CO) is (1.4 ± 0.2) · 10 À2 s À1 . The k off(CO) value here reported is in excellent agreement with that reported in the literature [5] . These data indicate that the reaction of Mb(II)-CO with an excess of Å NO-dithionite leads to the formation of Mb(II)-NO without involving transient species, as previously reported (see [25] ).
The coincidence of values of h and k off(CO) ( Fig. 1 and Table 2 ) suggests that peroxynitrite-mediated oxidation of Mb(II)-CO occurs with a reaction mechanism in which CO dissociation represents the rate limiting step; therefore, oxidation by peroxynitrite takes place with unliganded Mb(II). Accordingly, CO 2 , facilitating peroxynitrite action (see [20, 37] ), does not affect Mb(II)-CO oxidation. This mechanism is reminiscent of that reported for ferricyanide-induced oxidation of Mb(II)-CO (see [36] ).
The mechanism postulated for peroxynitrite-induced oxidation of Mb(II)-CO holds also in the case of Mb(II)-O 2 and Mb(II), in all cases peroxynitrite appears to react with the Mb(II) species (see Table 1 ). Therefore, the peroxynitrite-mediated oxidation of Mb(II)-CO and Mb(II)-O 2 occurs with a reaction mechanism in which CO or O 2 , that is initially bound to the heme-Fe(II)-atom, dissociates from the carbonylated or oxygenated heme- 
Fe(II)-protein. In the second step, deoxygenated Mb(II) reacts with peroxynitrite by way of the transient Mb(IV)@O species that precedes the Mb(III) formation (see Tables 1 and 2 ) (see [18, 38] ). Despite the common oxidation mechanism (see Table 1 ), peroxynitrite-induced oxidation of Mb(II)-CO and Mb(II)-O 2 displays different features, which are related to the relative velocity of the various steps leading to the Mb(III) species [38] . In fact, the first-order rate constant for CO dissociation from Mb(II)-CO (i.e., k off(CO) )
is lower by about one-order of magnitude than kinetics reported for peroxynitrite-induced oxidation of the transient Mb(II) species [38] (Tables 1 and 2) , impairing the accumulation of the intermediate Mb(II) species. On the other hand, the first-order rate constant for O 2 dissociation from Mb(II)-O 2 (i.e., k off(O2) ) [5] is higher by about one-order of magnitude than kinetics reported for peroxynitrite-induced oxidation of the transient Mb(II) species [38] (Tables 1 and 2) ; therefore, Mb(II) accumulates rapidly before being oxidized by peroxyni- (Tables 1 and 2 ), involving the transient Mb(III)-NO species. This reflects the capability of NO to bind both heme-Fe(II)-and hemeFe(III)-proteins albeit with different thermodynamic and kinetic parameters (see [5, [8] [9] [10] [11] [12] [18, 39] ).
As a whole, data here reported represent the first quantitative analysis of peroxynitrite-mediated oxidation of Mb(II)-CO which appears to be limited by decarbonylation kinetics. Peroxynitrite-induced oxidation of Mb(II)-CO and Mb(II)-O 2 is preceded by dissociation of CO and O 2 , respectively, values of the second-order rate constants for peroxynitrite-mediated oxidation of Mb(II)-O 2 and Mb(II) (i.e., l on and b on ) are similar (see Table 2 ). In contrast, peroxynitrite-mediated oxidation of Mb(III)-NO does not require the preliminary dissociation of (Table 1 ) (see present study and [38, 39] ) are important since peroxynitrite-mediated oxidation of ferrous carbonylated, oxygenated, and nitrosylated oxygen carriers may be used to determine the first-order rate constant of CO, O 2 , and NO dissociation, respectively. However, some caution is demanded since: (i) ligand dissociation may be faster than heme-Fe(II)-atom oxidation (as in the case of Mb(II)-O 2 ) [38] , and (ii) peroxynitrite may be able to directly oxidize the hemeFe(II)-atom without requiring the dissociation of the sixth ligand (as in the case of Mb(II))-NO) [39] . As a consequence, for the measurement of the first-order dissociation rate constant of Mb(II)-CO, Mb(II)-O 2 , and Mb(II)-NO it is better to monitor ligand binding competition for the heme-Fe(II)-atom (e.g., CO versus NO) (see [25] ).
